The existence of a hydrogen uptake host-regulated (Hup-hr) phenotype was established among the soybean bradyrhizobia. The Hup-hr phenotype is characterized by the expression of uptake hydrogenase activity in symbiosis with cowpea but not soybean. Uptake hydrogenase induction is not possible under free-living cultural conditions by using techniques developed for uptake hydrogenase-positive (Hup+) Bradyrhizobium japonicum. Hydrogen oxidation by Hup-hr phenotype USDA 61 in cowpea symbioses was significant because hydrogen evolution from nitrogen-fixing nodules was not detected. An examination for uptake hydrogenase activity in soybean and cowpea with 123 strains diverse in origin and serology identified 16 Hup+ and 28 Hup-hr phenotype strains; the remainder appeared to be Hup-. The Hup-hr phenotype was associated with serogroups 31, 76, and 94, while strains belonging to serogroups 6, 31, 110, 122, 123, and 38/115 were Hup+. Hup+ strains of the 123 serogroup typed positive with USDA 129-specific antiserum. The presence of the uptake hydrogenase protein in cowpea bacteroids of Hup+ strains was demonstrated with immunoblot analyses by using antibodies against the 65-kDa subunit of uptake hydrogenase purified from strain SR470. However, the hydrogenase protein of Hup-hr strains was not detected. Results of Southern hybridization analyses with pHUl showed the region of DNA with hydrogenase genes among Hup+ strains to be similar. Hybridization was also obtained with Hup-hr strains by using a variety of cloned DNA as probes including hydrogenase structural genes. Both hydrogenase structural genes also hybridized with the DNA of four Hup-strains.
Biological nitrogen fixation may significantly enhance productivity of soybean under conditions when combined N accretion from the soil pool limits yield. The efficiency of biological nitrogen fixation in turn may affect productivity of the crop dependent upon N2 for growth. Many factors influence the efficiency of biological nitrogen fixation. Hydrogen is produced during the reduction of N2 to ammonia (9, 25) . In most symbioses formed by soybean with Bradyrhizobium japonicum, the energy and reducing power lost through the formation of H2 cannot be recovered because the H2 escapes to the soil atmosphere. Although most soybean symbioses evolve H2, a few strains of B. japonicum express uptake hydrogenase activity and oxidize the H2 produced during N2 fixation (9, 25) . Oxidation of H2 in B. japonicum increases biosynthesis of ATP (10) , and the resulting increase in efficiency of symbiotic N2 fixation stimulates soybean yield (11) .
Bradyrhizobium strains capable of hydrogen oxidation have the Hup+ phenotype. Investigations of uptake hydrogenase have been predominantly with the Hup+ strain SR, which is a kanamycin-and streptomycin-resistant clone of a small colony isolate of USDA 122. Studies of hydrogen oxidation regulation have predominantly relied upon the ability of the Hup+ strains to express uptake hydrogenase activity in free-living culture either under chemoautotrophic (23, 26) or heterotrophic (38) growth conditions. Consequently, little is known about the regulation of uptake hydrogenase activity by soybean bradyrhizobia in symbiosis. In contrast to B. japonicum, the expression of uptake hydrogenase activity in Rhizobium and Bradyrhizobium spp. of the cowpea miscellany group has been investigated under symbiotic conditions, and the host plant was reported to influence hydrogen oxidation (8, 14) .
Keyser et al. (19) reported that two Hup-strains of B.
japonicum expressed uptake hydrogenase activity in symbiosis with cowpea. These two strains (USDA 61 and USDA 74) evolved H2 in soybean symbioses, and H2 oxidation by bacteroid preparations was not detected. However, the incidence of differential expression of uptake hydrogenase activity in B. japonicum and the genetic characterization of these strains has not been reported. My objectives were to investigate the relative incidence of the uptake hydrogenase character among a diverse group of soybean bradyrhizobia. An examination for hydrogen oxidation in symbioses with cowpea as well as with soybean as host plants was included to identify strains with differential expression of uptake hydrogenase activity because of host influence. Selected strains were further characterized by identifying regions of DNA coding for uptake hydrogenase by using Southern hybridization analysis with cloned DNA containing hydrogenase genes 10 min for the determination of nitrogenase activities. Concentrations of C2H4 and H2 in the gas samples were determined by gas chromatography as described previously (19, 40 40 ,000 x g for 2 h and resuspended in buffer containing phenylmethylsulfonyl fluoride. Protein concentrations of the extracts were determined by using the biuret method (35) . Electrophoresis, immunoblotting, and the detection of the 65-kDa subunit of uptake hydrogenase were as previously described (38) . The presence or absence of the 33-kDa subunit of uptake hydrogenase on the blots was not determined. Purified uptake hydrogenase was included in the analysis as a control and duplicate gels of the proteins resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis were stained with Coomassie Blue R-250.
Purification of uptake hydrogenase. Uptake hydrogenase was purified from the mutant SR470 (28) by using the aerobic affinity protocol described by Stults et al. (36) .
Genomic DNA isolation and Southern hybridization. The bradyrhizobia were grown in a gyratory incubator at 150 rpm in 30 min before adding 1.0 ml of 20% (wt/vol) Sarkosyl in TEN buffer. CsCl (11 g) and 0.6 ml of a 10-mg/ml (wt/vol) aqueous solution of ethidium bromide were added to the cell lysates after allowing them to clear at 37°C for 1 h. The samples were centrifuged at 40,000 rpm for 48 h at 20°C in a 50 Ti fixed-angle rotor (Beckman Instruments, Inc.). The highmolecular-weight DNA bands were collected, and ethidium bromide was removed by using NaCl-saturated 1-butanol, followed by 24 h of dialysis against TE buffer (10 mM Tris [pH 7.5], 1 mM NaCl).
Genomic DNA was digested with the restriction endonuclease EcoRI (Bethesda Research Laboratories, Gaithersburg, Md.) as specified by the manufacturer. Restriction fragments were separated by horizontal electrophoresis in 0.7% (wt/vol) agarose gels in Tris-EDTA-borate buffer (27) , stained with 0.5 jig of ethidium bromide per ml and photographed under UV light.
DNA transfer to Nytran (Schleicher and Schuell, Keene, N.H.) and hybridization protocols were done as described by Maniatis et al. (27) . The clones with hydrogenase genes of B. japonicum used as probes in the Southern hybridizations were pHU1 (7) ; the 12.9-and 2.9-kb EcoRI subclones of pSH22 (17) , pDN11 and pDN211 (18) , respectively; and the cloned hydrogenase structural genes (hupA and hupB) pKM15 or pKM16 and pKM20 (33) . The identity and purity of the USDA 61 culture was also confirmed by symbiotic performance with soybean hosts having the dominant Rj4 gene. USDA 61 poorly nodulates and forms ineffective symbioses with cultivars of soybean having the variety Dunfield in their ancestry (41) . Most other strains nodulate these soybean varieties normally and are moderately or fully effective. The nalidixic acid-resistant single-colony isolates obtained from the nodules of soybean and cowpea were tested for symbiotic performance with G. max cv. Hill, which has the Rj4 gene from Dunfield. The symbioses with Hill had few ineffective nodules, while cowpea produced effective Hup+ symbioses. These results indicated that the differential expression of uptake hydrogenase activity was due to host influence and could not be explained by the contamination of the culture with Hup+ bradyrhizobial strains.
A time course analysis showed significant H2 evolution and no uptake hydrogenase activity by USDA 61 nal in Williams soybean (Fig. 1B and D) . In contrast, the same culture expressed uptake hydrogenase activity in the cowpea symbiosis and H2 evolution was not detected. The degree of uptake hydrogenase activity in the cowpea symbiosis was significant because rates were sufficient to recycle the H2 produced during N2 reduction. Nitrogen fixation and nitrogenase activity were similar in soybean and cowpea (Fig. 1A  and C noblot analyses using antisera prepared with hydrogenase of strain SR470 indicated the presence of the 65-kDa subunit in cowpea bacteroid membrane preparations of Hup+ strains. However, uptake hydrogenase bands were not detected in cowpea bacteroid membrane preparations of the Hup-hr strains (data not shown). Failure to detect the hydrogenase protein with the immunoblot analysis in samples of the Hup-hr strains was not due to the absence of uptake hydrogenase. The uptake hydrogenase activities by whole bacteroids of USDA 31, USDA 61, LA4c 2a, AK7 la, PA3 6c, and NC5 2a were 13.6, 22.8, 6.9, 4.5, 6.3, and 6.4 nmol of H2 mg 1 (dry weight) h-1, respectively. Membrane preparations were used in the immunoblotting analyses because the uptake hydrogenase activity of the USDA 61 cowpea bacteroids was predominantly associated with this fraction. The hydrogenase protein was not detected either in whole-cell extracts of USDA 31 and USDA 61 cowpea bacteroids, which had uptake hydrogenase activities of 70.9 and 30.9 nmol of H2 mg-' (dry weight) h-1, respectively. Southern hybridization analyses. Southern hybridization analyses were used to determine whether the hydrogenase genes encoded in the genomes of the Hup-hr and Hup+ strains share homology. The analyses also included Hupstrains to determine whether hydrogenase determinants were present in some of these strains, even though no evidence for uptake hydrogenase capability was available. DNA containing hydrogenase genes cloned in pHU1 hybridized with EcoRI-digested genomic DNA of Hup+ soybean bradyrhizobia identifying six fragments ( Fig. 2A) . Probes pDN11, pKM15, and pKM20 hybridized with a 12.9-kb EcoRI fragment of Hup+ strains SR, USDA 110, and USDA 137 (data not shown). These results show that the region of DNA with hydrogenase genes among the Hup+ strains is similar irrespective of serogroup. Exceptions were serogroup 129 strains USDA 422 (data not shown) and USDA 423, which had seven EcoRI fragments hybridizing with pHUL.
Cosmid pHU1 also identified three EcoRI fragments with homology in the genomes of strains expressing uptake hydrogenase activity with cowpea only (Fig. 2B) . It is unclear whether these results represent the identification of hydrogenase genes, because the DNA contained in pHU1 is large; only the 12.9-kb EcoRI fragment has been identified to encode two hydrogenase structural genes (12) . The 12.9-kb EcoRI subclone of pSH22 identical to that of pHU1, pDN11, also hybridized with DNA of these strains (Fig. 3A) . Hybridization was also observed with cloned hydrogenase structural genes in pKM16 (hupA) and in pKM20 (hupB) with patterns which, when combined, resembled those obtained with pDN11 ( Fig. 3C and D) . The region of DNA sharing homology with DNA cloned in pKM16 also hybridized with the 2.9-kb EcoRI subclone of pSH22, pDN211 (Fig. 3B) .
Positive results were also obtained when pHU1 was used in Southern hybridization analyses with five of six Hupphenotype strains (Fig. 2C) . The cloned hupA gene in pKM15 hybridized with a 6.0-and a 5.0-kb EcoRI fragment in the DNA of USDA 16, DE1 3a, and USDA 38, while only a 6.0-kb EcoRI fragment was evident with USDA 185 (data not shown). The cloned hupB gene in pKM20 hybridized with a 12.9-and 6.0-kb EcoRI fragment of the DNA in USDA 16, USDA 38, and DE1 3a. The latter two strains also showed a hybridization band of 5.0 kb with pKM20. In USDA 185, pKM20 identified a 15.5-and 6.0-kb EcoRI fragment showing homology with hupB (data not shown). conditions (23, 26, 38) . However, most soybean bradyrhizobia were considered incapable of hydrogen oxidation in symbiosis or as free-living bacteria (12) . (5, 13, 20, 43) . Bradyrhizobia indigenous to soil and adapted to their environment may be less efficient for nitrogen fixation with soybean than inoculum-quality strains (13) . Often it is impossible to introduce more efficient strains with inoculation because the adapted soil population is highly competitive for nodulation (4, 6, 15 Considering the DNA homology among hydrogenase sequences of the two uptake hydrogenase phenotypes, it is curious that immunoblotting results for the 65-kDa subunit of bradyrhizobial uptake hydrogenase were negative with cowpea bacteroid proteins of the Hup-hr strains. This result was unexpected because of the reported high degree of homology among the hydrogenases of B. japonicum, Alcaligenes eutrophus, Alcaligenes latus, Azotobacter vinelandii (1) , and P. brockii (33) . Failure to detect the hydrogenase protein of the Hup-hr strains cannot be explained by the absence of the protein in bacteroids at the time of harvest because uptake hydrogenase activity was detected before the samples were prepared for electrophoresis. Also, it is unlikely that there was a problem with the immunoblotting technique because the hydrogenase protein was detected in control lanes, which included purified uptake hydrogenase and membrane preparations of Hup+ strains of B. japonicum. Possible explanations for the failure to detect the hydrogenase protein of the Hup-hr strains include an uptake hydrogenase protein concentration below the level of detection using enzyme-linked immunosorbent assay, the rapid biodegradation of the uptake hydrogenase protein after rupturing bacteroids of Hup-hr strains, or lack of homology between the portion of the SR470 protein against which the 
